The synthesis of a series of 12-O-amino acyl-and 12-0-peptidyl-13-acetate and -13,20-diacetate esters of the tetracyclic diterpene alcohol phorbol is described. These esters, which include amino acid moieties with both N-protected and free amino functions, were all tested for irritant activity on mouse ear. The highest activities were observed for esters with N-9-fluorenylmethyloxycarbonyl-protected leucine and 11-aminoundecanoic acid.
Introduction
Naturally-occurring diterpene esters with tigliane, ingenane and daphnane skeletons have assumed increasing importance over the past few years, not only as a result of their high irritant and tumour promoting activities [2] but also because of their manifold biological effects on normal and tumour cells [3, 4] , Some of the most active diterpene ester tumour promoters e.g. esters of phorbol and ingenol carry long-chain acids and have been found in a veriety of Euphorbiaceae [2, 5] species. In addition, a number of phorbol [6, 7] and ingenol [8, 9] esters carrying aromatic amino acids have recently been isolated. Several of these e.g. milliamine C [9] are remarkably irritant. Therefore, a systematic approach to evaluate the role of amino acids and peptides as acid moieties in these classes of diterpene esters was felt necessary. To this end, the preparation of a series of relevant esters of the parent diterpenes phorbol and ingenol, together with the testing of their irritant activities on the mouse ear [10] , was undertaken. The structure activity relationships involved may be of crucial importance for the selection of diterpene esters appropriate as tools in the investigation of binding sites or "receptors" which trigger, in target cells, biochemical events causative for the biological responses seen in vivo, such as irritation, inflammation and tumour promotion.
Here we report the synthesis of amino-acid and peptide esters in the 12-position of phorbol-13-acetate. To achieve this purpose, depsipeptide bond formation was carried out with phorbol-13,20-diacetate at the free 12-hydroxyl group, followed by selective cleavage of the 20-acetate group.
Results
The synthesis of amino acid and peptide esters of phorbol required phorbol-13,20-diacetate (prepared by the previously described [11, 12] acetylation of phorbol) and protected amino acids as starting materials. N-a-9-Fluorenylmethyloxycarbonyl derivatives of amino acids were prepared by the treatment of the free amino acids in alkaline solution with 9-fluorenylmethyloxycarbonyl chloride [13] . N-Benzyloxycarbonyl-/?-alanine was obtained by the treatment of alanine with benzyloxycarbonyl chloride [14] . N-Acylation of ^-alanine with the relevant acid chlorides under Schotten-Baumann conditions gave N-butyryl-/9-alanine and N-decanoyl-/?-alanine. The hydrochloride salt of N,N-dimethyl-/S-alanine was prepared by reductive alkylation [15] of ^-alanine, followed by treatment with conc. hydrochloric acid.
Synthesis of the triester 12-0-[N-(9-fluorenylmethyloxycarbonyl)-L-leucyl]-phorbol-13,20-diacetate (6 a; a-type; Table) was carried out by acylation of phorbol-13,20-diacetate with Fmoc-Leu-OH+, DCC and 4-(N,N-dimethylamino)pyridine [16] . The product was obtained as a resin in 99% yield after preparative TLC purification. Other a-type triesters la-5a, 7a-9a and lla-17a were similarly prepared by acylation of phorbol-13,20-diacetate with protected amino acid derivatives in either dichloromethane or pyridine (see Table) . In cases where incomplete acylation occurred, a further addition of DCC was necessary to complete the reaction. The crystalline acetyl amino acid triester 18 a was synthesised by cleavage (see below) of the Fmoc-protecting group from 6 a, followed by acetylation of the free amino function. The corresponding /5-alanyl ester 10 a was prepared in an identical manner.
Formation of the 12-0-peptidylphorbol-13,20-diacetate esters 22 a and 24 a was accomplished by removal of the amino-protecting (Fmoc-) group from 3 a and 6 a with piperidine in dichloromethane [13] , followed by coupling of the next protected amino acid in the presence of DCC and HOBt [17] . Both dipeptide esters were obtained as glassy resins after preparative TLC purification. Further stepwise elongation of the peptide chain in 22 a and 24 a was carried out in an identical fashion, yielding the tripeptidyl a-type triesters 23 a and 25 a.
Removal of the 20-acetate group from the phorbol triester 6 a proceeded smoothly on treatment with perchloric acid in methanol [12] , giving 12-0-[N-(9-fluorenyl methyloxycarbonyl)-L-leucyl]-phorbol-13-acetate (6 b; b-type; Table) as a colourless glass in 77% yield. Similarly, perchloric acid treatment of the respective a-type triesters gave the b-type N-protected phorbol-12,13-diesters lb-18b and 22b-25b (see Table) .
Deprotection of the amino acid moieties in 3 b, 5b and 6 b with piperidine in dichloromethane afforded the corresponding 12-0-(aminoacyl)-phorbol-13-acetates 19b-21b (Table) .
All the esters listed in the Table were tested for purity in two TLC systems and characterised from L H NMR spectra and from their mass spectra. In the case of the Fmoc-derivatives, electron impact (EI) mass spectra yielded no information with regard to the molecular ions, due to the easy cleavage of the Fmoc-protecting group. Recourse to fielddesorption mass spectra (FD-MS) had to be taken in order to obtain molecular ion data.
The amino acid and peptide esters synthesised (la-25b) were all tested for their irritant activity on mouse ear [10] . The irritant dose 50 (ID") values were calculated for all esters having IU < 20 (see Table) .
Discussion
Prompted by the isolation of aromatic amino acid derivatives with tigliane [6, 7] and ingenane [8, 9] skeletons from Euphorbia species, methods have been developed for the high-yield synthesis of amino acid and peptide esters of the diterpene alcohol phorbol.
Coupling of peptide chains directly to the 12-position of phorbol proved unsuccessful and a stepwise [18] coupling procedure was adopted. This involved attachment of a protected amino-acid to the properly protected phorbol moiety, followed by removal of the protecting group from the amino acid and coupling of the next protected amino acid. Hence N-protected amino acid derivatives were required with which deprotection could be attained under conditions leaving the sensitive diterpene moiety intact. The Fmoc-group [13] , removable by brief treatment with 20% piperidine in dichloromethane, was therefore selected for amino protection. Peptide synthesis employing Fmoc-amino acids is also known to be racemisation-free [13] .
The coupling reagent used in all esterification and amide bond-forming reactions was DCC and, although HOBt could not be used during ester formation, it was employed as additive in amino acid chain-lengthening steps (HOBt is reported to act as an acylation catalyst and to minimise racemisation [17] ).
Ester 18 a was synthesised via 6 a in order to avoid the possible risk of racemisation which could occur by the direct DCC coupling of N-acetyl-L-leucine to the phorbol nucleus.
A number of the phorbol diesters synthesised show irritant activity (e.g. 6b, Table) but have higher ID** values than 12-0-tetradecanoylphorbol-13-acetate (TPA) or the naturally-occurring peptide ester milliamine C. Aliphatic amino acid esters, protected at the amino function with a Fmoc-group e.g. 6b, 9b are more irritant than those with benzoyl-e.g. 13b or benzyloxycarbonyl-e.g. 14b protecting groups. Protection of the amino group of the phorbol diesters with methyl or acetyl groups, as in 10b, 15b, 16b and 18b, gives rise to compounds possessing virtually no irritant activity. Even protec-tion with more lipophilic butyryl-(11 b) or decanoyl-(12b) moieties gives IU > 20 nmol/ear (see Table) . In all cases tested, complete removal of the protecting group, to give a free terminal amino group, or elongation beyond the single amino acid stage of the (protected) peptide chain causes a rapid decrease in irritant activity e.g. IU > 20 nmol/ear for 21b and 24 b.
The presence of a Fmoc-L-Val-group (5 b) or a Fmoc-L-Leu-group (6 b) in the 12-position of phorbol-13-acetate gives rise to more pronounced irritant action than a Fmoc-/?-Ala-group (3b), thus emphasising the importance of a more lipophilic substituent.
The phorbol-13-acetate esters containing the tri- Differences in irritant activities discussed above could reflect the extent and manner of the binding of amino acid and peptide phorbol esters to cellular receptors [19] and further investigations into these phenomena are currently underway [20] .
Experimental
Solvents were distilled before use and all reagents were dried thoroughly and stored in a desiccator. Melting points (uncorrected) were determined on a Leitz (Wetzlar) Mikroskop-Heiztisch 350. UV spectra were recorded in methanol on a Beckmann Acta M VI spectrometer, IR spectra as KBr discs on a Perkin-Elmer 580 B spectrometer and *H NMR spectra (90 MHz) on a Bruker HX 90 instrument, using tetramethylsilane (TMS; <3 = 0 ppm) as internal standard. Mass spectra were run on a Finnigan-MAT (Bremen) MAT-711 spectrometer.
Analyses were carried out by Mikroanalytisches Labor Pascher, Bonn. Merck aluminium-backed HF254 silica gel plates were used for analytical TLC, spots being visualised under UV light (254 nm) and by spraying with vanillin-sulphuric acid and brief heating at 110 °C. For preparative TLC, Merck silica gel 60 F254 pre-coated 20cm x 20cm x 0.5mm plates were used. Drying of organic solutions Avas carried out with saline and standing over magnesium sulphate. The perchloric acid/methanol solution was prepared by adding methanol to 0.14 ml of 70% perchloric acid to give a total volume of 100 ml. Phosphate buffer (pH 7) was prepared as a solution of sodium dihydrogen phosphate monohvdrate (80g) and disodium hydrogen phosphate dihvdrate (20 g) in water (11) .
Biological assays: Irritant activities on mouse ear were determined as I.U. and ID50 values, as previously described [10] , Tumor promotion tests were carried out on the back skin of NMRI mice, using DMBA as initiator [10] ,
N-Derivatised amino acids
Z-L-Phe-OH, Me2Gly-OH and Bz-^-Ala-OH were purchased from Sigma Chemie, Munich, 2-(N,N-dimethylamino)benzoic acid from ICS Handelsgesellschaft, Hamburg and 4-(N,N-dimethylamino)benzoic acid from Ega-Chemie, Steinheim, F.R.G.
N-a-9-Fluorenylmethyloxycarbonyl-L-amino acid derivatives of /?-Ala, Gly, L-Val, L-Leu and L-Phe were prepared as described in the literature [13, 21] .
6-(9-Fluorenylmethyloxycarbonylamino)hexanoic acid
6-Aminohexanoic acid (262 mg; 2 mmol) was dissolved in a solution of 10% aqueous sodium carbonate (5 ml) and dioxan (2 ml). After cooling to 0 °C, a solution of 9-fluorenylmethyloxycarbonyl chloride (518 mg; 2 mmol) in dioxan (2 ml) was added gradually over 30 min. The solid mass formed was broken up and stirred at room temperature for 16 h before addition of cold water (50 ml). This solution was washed twice with diethyl ether (25 ml) and acidified to pH 1 with conc. HCl, resulting in a thick white precipitate of product. 1 l-(9-Fluorenylmethyloxycarbonylamino)undecanoic acid was prepared in a similar manner leaving out the ether extraction step. Instead, the suspension was directly acidified and the solid product washed with water and diethyl ether, before recrystallising from methanol: Yield 34%; m.p. 108-109 °C.
N-Benzyloxy carbonyl-ß-alanine (Z-ß-Ala-OH)
Z-ß-Ala-OH was prepared by the method of Sifferd and du Vigneaud [14] in a 82% yield; m.p. 102 °C (Lit. [14] 106 °C).
N-Butyryl-ß-alanine
A solution of butyryl chloride (11.4 ml; 0.11 mol) in diethyl ether (50 ml) was added dropwise to a rapidly-stirred solution of ^-alanine (8.9 g; 0.1 mol) in 2 M sodium hydroxide (100 ml). After 12 h, the aqueous layer was separated, washed with diethyl ether (100 ml) and acidified to pH 2 with conc. HCl. The ethyl acetate extracts (3 X 80 ml) of the resulting oily dispersion were washed with water (100 ml) and dried. Evaporation of the organic solvent in vacuo gave rise to a colourless oil which crystallised from ethyl acetate/pentane in a yield of A solution of /S-alanine (5 g; 0.056 mol) in water (200 ml) was stirred with 10% palladium on charcoal catalyst (5 g) and 37 % aqueous formaldehyde (10 ml; 0.12 mol) under hydrogen for 24 h. The catalyst was filtered and the filtrate evaporated to dryness in vacuo. This evaporation was repeated with two further 100 ml portions of water. To a solution of the product in water (ca. 200 ml) was added conc. HCl (10 ml). After evaporation of solvent and two further evaporations with water (100 ml), the solid product slowly crystallised from absolute ethanol, giving plate-like hygroscopic crystals. Yield 4.9 g (57%); m.p. 185-186 °C (Lit. [22] 186.5-187.5 °C). HI NMR (d6-DMSO): d = 2.75 (s, (CH3)aN), 2.84 (t, CH2), 3.21 (q, CH2) ppm.
Phorbol-12,13,20-triesters Synthesis of N-protected amino acid esters of phorbol
The general method for the preparation of these esters i.e. introduction of protected amino acids into the 12-position of phorbol-13,20-diacetate, is illustrated for:
N-(9-Fluorenylmethyloxycarbonyl)-L-leucine (Fmoc-Leu-OH) (141 mg; 0.4 mmol), phorbol-13,20-diacetate [11] (45 mg; 0.1 mmol) and 4-(N,Ndimethylamino)pyridine (6mg; 0.05 mmol) were mixed with dichloromethane (600 [A) and cooled to -5 °C in ice/salt. Dicyclohexylcarbodiimide (41 mg; 0.2 mmol) was added and the reaction mixture stirred for 1 h at -5 °C. After 20 h stirring at room temperature, filtration was carried out to remove N,N'-dicyclohexylurea and the filtrate was partitioned between buffer (10 ml) and ethyl acetate (10 ml). The buffer was further extracted with ethyl acetate (3 x 10 ml) and the combined organic extracts were dried. The ethyl acetate was removed by a rotary evaporator. The resulting oil was subjected to preparative thin-layer chromatography on silica gel (toluene/ethyl acetate 2:1). Elution of the required band with ethyl acetate (200 ml), followed by evaporation, gave rise to 77 mg (99% yield) of a clear resin which could not be crystallised from several organic solvents. (18 a) Compound (6a) (35 mg; 0.045 mmol) was stirred with piperidine (0.3 ml) in dichloromethane (2 ml) for 15 min at room temperature. Solvent was removed in vacuo and evaporation was repeated a further three times with dichloromethane (1 ml). Ethyl acetate (5 ml) was added to the resulting white solid and after swirling, the solution was filtered. Solvent was evaporated from the filtrate in vacuo and after addition of pentane, the suspension was filtered. The solid product was dissolved in pyridine (0.3 ml) and acetic acid anhydride (50 p\\ 0.60 mmol) was added. After stirring for 24 h at room temperature, the solution was partitioned between buffer (10 ml) and ethyl acetate (4 X 10 ml). The combined organic extracts were dried. Evaporation of ethyl acetate to a small volume in vacuo and standing at 4 °C gave rise to a crystalline solid (20 
12-0-(N -Acetyl-L-leucyl) -phorbol-13,,20-diacetate

Synthesis of N-protected peptide esters of phorbol
As an example of the stepwise elongation of the peptide chain in the 12-position of phorbol-13,20-diacetate, the synthesis of 24a is described:
The triester 6a (36 mg; 0.046 mmol) was stirred with dichloromethane (1.5 ml) and piperidine (0.3 ml) for 15 min at room temperature. The reaction mixture was evaporated to dryness in vacuo and evaporation was repeated a further three times with dichloromethane (1 ml). To the resulting white solid was added Fmoc-Leu (70 mg; 0.2 mmol), HOBt (27 mg; 0.2 mmol) and dichloromethane (1 ml). Dicyclohexylcarbodiimide (22mg; 1.07mmol) was added to the cooled solution and the mixture was stirred at -5 °C for 1 h. After a further 18 h at room temperature, the precipitated N,N'-dicyclohexylurea was removed by filtration. Buffer (10 ml) was added to the filtrate and extraction with ethyl acetate (4 x 10 ml) was performed. The combined ethyl acetate extracts were dried. Removal of the solvent in vacuo gave a colourless oil, from which 24 a was purified by preparative thin-layer chromatography (ethyl acetate/cyclohexane 1:1) and isolated as a colourless glass (33 mg; 80%). 
Phorbol-12,13-diesters
To illustrate the removal of the 20-acetate group from phorbol-12,13,20-triesters, the preparation of 6 b is described:
12-0-[ N-( 9-Fluor enylmethyloxy carbonyl )-L-leucylJ-phorbol-13-acetate (6 b)
Compound 6a (24 mg; 0.03 mmol) was stirred with perchloric acid in methanol (8 ml) for 24 h at room temperature. The reaction mixture was taken to pH 6 with a 0.5 M solution of sodium methoxide in methanol, evaporated to a small volume and partitioned between buffer (10 ml) and ethyl acetate (10 ml). After further extraction of the aqueous phase with ethyl acetate (3 X 10 ml), the combined organic layers were dried. Evaporation of solvent under reduced pressure gave an oil, from which the product (6 b) was separated by preparative thinlayer chromatography (ethyl acetate/cyclohexane 3:2) as a colourless glass, yield 17 mg (77%). Crystallisation of the phorbol diester was not successful. 
